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STRATIGRAPHIC ANALYSIS OF DIAMICTON UNITS IN SOUTHERN
ALLEGAN COUNTY, MICHIGAN
Shannon A. Wong, M.S.
Western Michigan University, 2002
Two diamicton units from the southern Allegan County, Michigan lakeshore
bluffs were identified and differentiated through clay mineralogy by analysis of 7/1OA
peak-height ratios and the 2-80 mm crystalline fraction from pebble count results. t-Tests
indicate the two units are significantly different. These two units are correlated with the
Saugatuck and the Ganges tills of southwest Michigan based on similarities in strati
graphic position and lithologic description as described by Monaghan et al. (1986).
Other diamicton samples were collected throughout southwest Michigan, near Moline,
Otsego, Bloomingdale, Gobles, and Decatur.

In correlating the Saugatuck and the

Ganges tills to their inland counterparts, it appears that the buried tills in the Valparaiso
Moraine correlate to the Ganges till. Where the Ganges till exists at shallow depths in
Bloomingdale (12 ft), there may be higher bedrock topography or thicker section of un
derlying glacial deposits. There is a general increase in the relative amount of lOA clay,
or illite, to 7 A clay, or kaolinite, laterally and vertically, in which illite increases west
ward toward the Lake Michigan basin and increases in successively younger tills in
southwest Michigan.
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INTRODUCTION
Outcrops of multiple diamictons occur on an 11-mile stretch of shoreline along
the eastern Lake Michigan coast in Allegan County, Michigan. The bluffs on the eastern
shoreline of Lake Michigan are stratigraphically complex and the diamictons exposed are
critical in the regional Lake Michigan Lobe correlations (Monaghan et al., 1986; Mona
ghan, 1990). A better understanding of glacial stratigraphy will help to determine the dy
namics, timing, and extent of the glaciations in southwest Michigan.
This paper will discuss several analytical techniques to define and correlate the
stratigraphy of the bluff. The primary method involves identifying the diamicton units
based on clay mineralogy. From X-ray diffraction analysis, the 7A and lOA peak heights
of the clays are compared. Previous studies that have employed this technique of clay
mineral analysis for the purpose of identification and correlation of glacial diamictons
will be reviewed further in this chapter.
Ongoing Research
The study area (Figure 1) is currently being researched to characterize the ero
sional processes involved in bluff recession. This research includes monitoring wells and
slope monitoring systems at six locations set up in varying lithologic and hydrogeologic
settings to record bluff movement. The purpose of the six instrumented sites is to inves
tigate the mechanics of the slope processes (Montgomery, 1998; Chase et al., 2001a;
1

2
Chase et al., 2001b). The most common unstable setting in the bluffs is one in which
perched groundwater in sand overlies lacustrine silt and clay in mid-bluff locations
(Montgomery, 1998).
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Figure 1. Location Map of Study Area. Coastline highlighted in gray is section of bluff
investigated in this project.
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Three glacial diamicton units on the lakeshore bluffs in Allegan County, identified by Monaghan et al. (1986) include the Glenn Shores, the Ganges, and the Saugatuck
tills. These glacial diamicton units are separated by lacustrine sand units (Monaghan et
al., 1986) that serve as aquifers for the area (Montgomery, 1998). It is very difficult to
see the bedding and internal structure in the bluff. Montgomery (1998) noted that lateral
correlation was difficult because of the complex stratigraphy and poor exposure. The
poor exposure is a result of cyclic wetting, fluidized flow, subsequent drying of mobi
lized clay, and weathered and eroded, displaced slump blocks. Vegetation is an addi
tional cause for insufficient exposure (Montgomery, 1998). The degree of slope on the
bluffs is proportional to the density and type of vegetation, where thick foliage and
groves of mature trees commonly occur on more gently sloping, stable bluffs. The bluffs
range from 50 to 110 feet in height and 45° to 85 ° in slope. Samples were taken at about
35 locations along the bluff (Plate 1). Sample location was determined by outcrop expo
sure and accessibility to sample.

Local and Regional Geology
Allegan County, Michigan is about 50 miles north of the Michigan-Indiana state
line (Figure 1). The principal topographic features are glacial in origin (Figure 2); the
topography is much like other glaciated areas of Michigan and can be described as undu
lating and hummocky (Figure 3). Topographic elevation varies from present lake level,
580 feet to about 900 feet above sea level. Along parts of the Allegan County coast, sand
dunes line the shore of Lake Michigan and may extend two to three miles in
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Figure 2. Surface Geology of Allegan County, Michigan (from Riggs, 1938). The Kalamazoo River flows through the city of
Allegan and discharges into Lake Michigan at Saugatuck.
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Figure 3. Moraines of Southwest Michigan (from Kehew, in review).
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land (Riggs, 1938; Leverett and Taylor, 1915). The primary river in Allegan County is
the Kalamazoo, which flows from southeast to northwest and empties into Lake Michi
gan at Saugatuck (Figure 2). The Black River flows through the southwestern part of Al
legan County to Lake Michigan and discharges at South Haven in the northwest corner of
Van Buren County. The Kalamazoo River was an important outlet for glacial meltwater
during glacial times (Riggs, 1938), discharging at a point just west of the city of Allegan.
A paleo-delta of this glacial stream is still apparent today in Valley Township as a sandy
silt plain south of the Kalamazoo River (Riggs, 1938).
Easterly and southeasterly ice movement of the Lake Michigan lobe is indicated
by the northeast-southwest alignment of the southwest Michigan moraines (Figure 3).
Riggs (1938) notes that three moraines, the Lake Border, the Valparaiso, and the Kala
mazoo moraines, show three stages of glacial retreat with their outwash plains in east and
southeast Allegan County. Illustrated in Figures 2 and 3, the Kalamazoo River has cut
through these three morainic ridges. The drift in the Allegan County area is about 50 to
400 feet in thickness above bedrock. From well records, the uppermost bedrock forma
tions in Allegan County are the Marshall Sandstone, the Coldwater Shale, and the Michi
gan Formation (Riggs, 1938).
Objectives
Typically, stratigraphic studies use lithologic techniques to correlate and differen
' tiate diamicton units including textural analysis (Lovan, 1977; Dodson, 1986; Monaghan
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et al., 1986; Clark and Rudloff, 1990; Gardner, 1997; Flint, 1999), magnetic susceptibility (Lovan, 1977; Acomb et al., 1982, Taylor, 1982; Taylor, 1990), pebble orientations
(Clark and Rudloff, 1990), carbonate content (Acomb et al., 1982; Dodson, 1985), and
clay mineralogy (Lovan, 1977 Rieck et al., 1979; Monaghan, 1984; Monaghan and Lar
son, 1986; Monaghan et al., 1986; Dodson, 1985; Gardner, 1997; Flint, 1999). The three
diamicton units observed in the area by Monaghan (1984) and Monaghan et al. (1986)
have significantly different clay mineral compositions. The aim of this study is to iden
tify and correlate the different diamicton units occurring in the bluff as described by
Monaghan (1984) and Monaghan et al. (1986) using clay mineral analysis through X-ray
diffraction. The units exposed in the bluff will also be correlated with diamictons col
lected at inland sites. A pebble count of the 2-80 millimeter fraction will supplement the
X-ray diffraction results.
Previous Work
Many glacial stratigraphy studies have used clay mineral analysis to differentiate
diamicton units. This method involves separating the clay fraction from diamictons and
analyzing those clays using X-ray diffraction. In the Lake Michigan area, stratigraphic
units with clay(s) have progressive lateral or vertical clay mineral compositional changes
of either increasing or decreasing illite (Glass, 1981). The compositional change is a re
sult of numerous advances and retreats of the Lake Michigan lobe glacial ice (Glass,
1981). Many researchers have used 7/1OA peak-height ratios to separate diamictons into
distinct stratigraphic units (Lovan, 1977; Rieck et al., 1979; Mon!lghan, 1984; Monaghan
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and Larson, 1986; Monaghan et al., 1986; Dodson, 1985; Gardner, 1997; Flint, 1999). In
southwestern Michigan diamictons, illite and kaolinite are the most abundant clays.
Prominent dhkt diffraction peaks for kaolinite and illite are observed at 7A and 1OA, re
spectively. Comparison of the 7/1 OA peak-height ratio allows the kaolinite/illite ratio to
be assessed.
Previous work that utilized clay mineralogy and X-ray diffraction to differentiate
till sheets includes work to define the character and extent of the interlobate boundary
relationship between the Wisconsinan ice of the Lake Michigan and Saginaw lobes by
Lovan (1977) (Figures 4 & 5). In addition, Lovan (1977) used heavy mineral analysis,
because heavy mineral suites in tills are reflective of provenance. Ratios of heavy miner
als can be statistically used to distinguish tills from separate glacial lobes (Lovan, 1977).
Textural and magnetic susceptibility data were both inconclusive in Lovan (1977).
For the study area of Rieck et al. (1979) in southeast Michigan, the sedimentary
characteristics of drift for the Saginaw and Huron-Erie lobes were so similar that differ
entiation of the drift sheets was difficult by color, texture, macrofabric, and pebble lithol
ogy (Rieck et al., 1979). Rieck et al. (1979) demonstrated that X-ray diffraction data for
clay-sized particles from the Saginaw and Huron-Erie drifts provide a reliable basis for
differentiating the two lobes. Rieck et al. (1979) successfully used 7/1OA peak-height
ratios to confirm and relocate the boundary between the Saginaw and Huron-Erie drifts
(Figures 4 & 5).
Monaghan (1984) and Monaghan et al. (1986) described three till sheets exposed
along the southeastern shoreline of Lake Michigan that could be differentiated by 7/IOA
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Figure 4. Map of the Central Great Lakes Region Showing the Glacial Lobes and Major
Moraines. Trends of morairies are shown by hatchured lines (dashed where in
ferred or approximate); interlobate boundaries by dash-dotted lines. Ka =
Kalamazoo Moraine (Saginaw Lobe); Ka = Sturgis-Kalamazoo Morainic Sys
tem; MSW= Mississinewa Moraine; PH= Port Huron; PPK = Peterson Park
Section; PWL = Powell Moraine; TK = Tekonsha Moraine (Saginaw & Lake
Michigan Lobes); TR-Mn = Two Rivers (WI) and Manistee (MI) Moraines;
VLP = Valparaiso Moraine (IN, IL, WI). (from Monaghan, 1990)
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peak-height ratios of the clay fraction. They were able to correlate two tills (Ganges and
Saugatuck) with inland tills to the east. They proposed that the Saugatuck till can be
traced inland from the Lake Michigan shoreline to the Sturgis-Kalamazoo morainic sys
tem and the Ganges till can be traced in the subsurface from Lake Michigan to where it
crops out at the Tekonsha moraine (Monaghan, 1984; Monaghan et al., 1986; Monaghan,
1990) (Figures 3 & 5). Dodson (1985) used X-ray diffraction of clays, as well as till tex
ture, till fabric, carbonate content, depth of leaching, and geometrical analyses of stream
lined hills to differentiate drift from the Tekonsha moraine of the Saginaw lobe, the Te
konsha moraine of the Lake Michigan lobe, and the Tekonsha moraine of the Huron-Erie
lobe (Figures 4 & 5).
Gardner (1997) and Flint (1999) were both able to characterize and correlate
diamicton units from borehole samples using textural analysis and X-ray diffraction of
clays and comparing the 7/I0A peak-height ratios in St. Joseph County, Michigan. Flint
(1999) was able to correlate the Gray Marker till which may also correspond to the New
bury till in Indiana. Flint (1999) also used a new method of heating clay samples to 315°
C for one hour to differentiate chlorite from vermiculite and other 14A expandable clays.
Although chlorite, vermiculite, and other expandable clays all have a prominent 14A dif
fraction peak, the 14A peak vermiculite and other expandable clays will collapse after
heating to 315° C for at least an hour. For chlorite, the 14A peak will remain. Using this
method, Flint (1999) was able to distinguish tills derived from the Coldwater Shale (chlo
rite present) from those not containing material from the Coldwater Shale (chlorite ab
sent).
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Previous examples of the pebble count method include Anderson's (1957) work
on the major late Wisconsin glacial lobes and the work of Rieck et al. (1979) on the inter
lobate boundary between the Saginaw and Huron-Erie drifts (Figure 4). Anderson (1957)
interpreted the provenance, lithologic properties, and glacial processes of the glacial
lobes of the Central Lowland from pebble counts. Anderson (1957) corroborated this
data with a count of the sand fraction (0.5 to 0.991 mm) where pebble and sand samples
were taken from the surfaces exposures of till on traverses across each lobe parallel to the
direction of ice movement as close as possible to the axis of the lobe. This process as
sured that sample locations belonged to particular glacial lobes. Anderson (1957) found
significant lithologic differences between the major late Wisconsin glacial lobes of the
Central Lowland (Erie, Saginaw, Lake Michigan, Green Bay, Des Moines, and Iowan).
Rieck et al. (1979) were not able to show a significant difference with their pebble
lithology investigation and found it inconclusive in differentiating the drifts of the
Saginaw and the Huron-Erie lobes.
Till Stratigraphy and Till Mineralogy
The till outcrops at the Lake Michigan shoreline were deposited by the glacial ice
of the Lake Michigan lobe., Monaghan, Larson, and Gephart (Monaghan, 1984; Mona
ghan et al., 1986) described the till units from a site near Glenn Shores, Michigan. The
lowermost unit, the Glenn Shores till, is proposed to be middle or early Wisconsinan
based on radiocarbon dates ranging from 37,150-48,009+ years BP measured using detri
tal organic material within stratified deposits overlying the till. The material above the
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till consists of 5 to 10 cm of discontinuous beach gravel and 2 m of lacustrine silt and
sand containing large pieces of abraided wood, reworked organic material, and peat balls.
The Ganges till, 5 to 6 m thick, lies above these stratified deposits. The Ganges
till has also been correlated with the upper part of the Yorkville till of the Wedron Forma
tion of the Joliet sublobe in Illinois (Monaghan et al., 1986). The late Wisconsinan
Ganges till is in places overlain by lacustrine sand of equal thickness to the Ganges till,
signifying a significant glacial retreat of the Lake Michigan lobe (Monaghan, 1990).
This second lacustrine unit is overlain by 2.5 m of Saugatuck till, which is the up
permost till . It is capped by Lake Chicago sediment and a series of dunes (Gephart et al.,
1982). The Saugatuck till can be traced southward to the Lake Border moraine (Figure
3). In addition, X-ray diffraction has been used to infer that the Saugatuck till is the
surficial till unit in the (youngest to oldest) Lake Border, Valparaiso, and Kalamazoo mo
raines (Figures 3 & 5). These moraines trend northeast-southwest, subparallel to the
Lake Michigan shoreline (Monaghan et al., 1986).
Montgomery (1998) described sediment lithologies when piezometers were in
stalled at sites along the Allegan County coastline. At the north end of the study area
(Plate 1), at 116th Street, the bluff is composed of predominantly gray, silty diamicton
except for sand at 6.0 m and 9.9 to 12.3 m. Gray diamicton underlies this sand to 20.1 m.
Beneath this is sand from 20.1 to 20.4 m, followed by interbeds of sand and clay from
20.4 to 23.1 m, sand from 23.1 to 31.2 m, and a gray, pebbly, clay diamicton from 31.2 to
34.2 m, where drilling stopped.

14
th
The bluff stratigraphy at Fabun Road (Montgomery, 1998), north of 111 Street
(Plate 1) is mainly gray, silty diamicton except for sand from 6.0 to 7.5 m and 13.5 to
15.0 m depth. There is a sand interbedded with fine-grained brown clay from 15.0 to
16.5 m, sand from 16.5 to 23.1 m, fine-grained brown clay from 23.1 to 29.4 m, and a
gray, pebbly diamicton from 29.4 to 33.6 m depth.
The upper bluff at Miami Park (Montgomery, 1998) (Plate 1) is mostly gray, silty
diamicton except for sands from 0 to 1.5 m and 4.5 to 6.0 m depth. The middle bluff is
composed of brown, fine-grained laminated clay 9.6 to 13.5 m, followed by sand from
13.5 to 15.6 m, sand interbedded with fine-grained brown clay from 15.6 to 18.0 m, and
cross-bedded sand from 18.0 to 22.8 m depth. The lower bluff consists of brown, fine
grained laminated clay from 22.8 to 24.6 m, underlain by sand interbedded with fine
grained brown clay from 24.6 to 26.7 m, fine-grained laminated clay from 26.7 to 30.6 m,
and buff colored, fine to medium-grained sand from 30.6 to 42.0 m, at total depth.
At the south end (Plate 1) on the Consumers Power property (Montgomery,
1998), the uppermost 3.4 m of the bluff is brown, clayey diamicton. The predominant
lithology below this is gray, silty to pebbly diamicton, except for sands that were logged
at 9.8 to 11.6 m, 19.9 to 21.3 m, and 32.9 to at least 42.0 m, which was total depth.
Monaghan (1990) observed that clay mineralogy varies systematically between
till sheets deposited successively during the Wisconsinan stage throughout the Lake
Michigan basin. Monaghan (1990) suggested that this variation is related to significant
fluctuations of the Lake Michigan lobe. Monaghan and Larson (1994) also proposed that
clay mineral variation was a result of differential erosion of two unique sources. An in-
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crease in 10A clay and shale clasts begins in the Glenn Shores till and continues through
the Ganges and Saugatuck tills (Monaghan and Larson, 1994). For tills rich in 10A clay,
the clay minerals and shale come from extensive erosion of shale bedrock (Monaghan
and Larson, 1994). The source for the tills with lower amounts of 10A clay is erosion
from pre-existing deposits of lacustrine clay (Monaghan and Larson, 1994). However,
the Glenn Shores till, more abundant in kaolinite than illite, was found to be different in
composition from the shale or lake clay source (Monaghan and Larson, 1994). Mona
ghan and Larson (1994) suggested that the clay minerals in the Glenn Shores till were
derived from Sangamon (an interglacial stage following the Illinoian glacial episode) age
saprolite eroded during an early post-Sangamon ice advance. They concluded that
changes in till lithology result from variations of erosion in either the source material of
the Glenn Shores till or the drift mantling shale outcrops during successive late Wis
consinan ice advances (Monaghan and Larson, 1994).
Using a bluff exposure in northeastern Illinois, Clark and Rudloff (1990) showed
that the surface till of the Valparaiso morainic system correlated with the lower Wad
sworth till and the surface till of the Lake Border moraines correlated with the upper
Wadsworth. Hansel (1983) noted the lower Wadsworth was more illitic than the upper
Wadsworth, and that the two units were separated by a lacustrine or outwash sequence.
The glacial sediment in the bluff, known to be part of the Lake Border moraine and
equivalent to the Saugatuck till, was deposited from about 14,500 to 13,500 years BP
(Hansel et al., 1985; Clark and Rudloff, 1990). Monaghan (1990) suggested the Sauga
tuck till was deposited sometime between 15,500 and 13",300 years BP.
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For Lake Michigan lobe tills in northern Michigan (post-dating deposition of the
Saugatuck till), Taylor (1983) observed that going from the Outer Port Huron moraine
northward to the Manistee moraine the percentage of illite decreases in successively
younger tills. Monaghan (1990) and Monaghan and Larson (1994) also noted a general
decrease in illite during the deposition of the Ozaukee ''Port Huron" and Two Rivers tills.
Bedrock Geology
Much of what is now the Great Lakes region, in the early Paleozoic Era, was an
intercratonic basin now called the Michigan Basin (Figure 6). During the Paleozoic, the
interior craton was flooded during the formation of the geosynclines of eastern and west
ern North America. Epeiric seas often entered the subsiding Michigan basin and other
intercratonic basins (Dorr and Eschman, 1970). However the epeiric seas tended to lin
ger in the basins after withdrawing from other parts of the interior. The Michigan Basin
and other basins thus received thick accumulations of marine sediment compared to other
areas of the interior craton (Dorr and Eschman, 1970). As sedimentary layers were de
posited the earth's crust beneath the Great Lakes region sagged downward. The sediment
that filled the Michigan Basin originated from eroded material of surrounding cratonic
highlands, which include the Adirondack Highlands to the east and northeast, the Cincin
nati, Kankakee and Findlay arches to the south, the Wisconsin Highlands to the west and
northwest, and the Canadian Shield area to the north (Dorr and Eschman, 1970). Paleo
zoic rocks of the Michigan Basin are about 14,000 feet thick and rest on a basement of
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Precambrian igneous and metamorphic rocks that underwent uplifting, tilting, folding,
faulting, metamorphism, and erosion.
Allegan County lies on the southwestern rim of the Michigan Basin where the
strike of the rocks is N 50-60W (Riggs, 1938). The glacial drift in Allegan County area
ranges from 50 to 400 feet in thickness. From well records, the uppermost bedrock for
mations in Allegan County are the Marshall Sandstone, the Coldwater Shale, and the
Michigan Formation (Riggs, 1938). Clays come from the Paleozoic deposits, including
the Antrim, Ellsworth, and Coldwater Shales of Devonian and Mississippian age, and the
clays and shales in the Saginaw Formation of Pennsylvanian age (Dorr and Eschman,
1970). Clays also come from post-Pleistocene lake deposits. Glacial sediments are de
rived from the erosion of the underlying bedrock and pre-existing drift. The source of
clays and other mineral constituents are better understood by understanding the bedrock
geology.
Glacial Geology
Much of the surficial glacial record in southwest Michigan comes from the Wis
consin Episode. The Wisconsinan Episode (80 - 0 kya BP) was the last of four glacial
episodes recognized in North America. In 1894 and 1895, T. C. Chamberlin introduced
the term Wisconsin for the glacial deposits in the Kettle Moraine region of eastern Wis
consin representing the time of the last glaciation (Hansel and Johnson, 1996). The Wis
consin Episode is part of a diachronic system of temporal classification of lithostrati
graphic and pedostratigraphic units (Hansel and Johnson, 1996). It is assumed that be
fore the Wisconsinan, the Illinoian glacial advance also came through Michigan, based on
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Illinoian glacial deposits found in Indiana and Ohio (Leverett and Taylor, 1915; Dorr and
Eschman, 1970). Between the Wisconsinan drift and the Illinoian drift lies a weathered
interval representing the Sangamon interglacial (Leverett and Taylor, 1915). The Wis
consinan was divided into two sub-episodes for the southern and western Great Lakes
area, the Athens and the Michigan sub-episodes (Johnson et al., 1997). The Athens sub
episode includes the Alton and Farmdale Phases representing intervals of loess deposition
(the Roxana silt) and soil formation (Farmdale Geosol). The Michigan sub-episode
represents glacial and interglacial sequences of which there are eight and four, respec
tively (Hansel and Johnson, 1996). Three major lobes, the Lake Michigan, the Saginaw,
and the Huron-Erie lobes, whose fronts moved independently from one another, formed
in glacial advances and retreats during the Michigan sub-Episode (Farrand and Eschman,
1974).
The Lake Michigan lobe formed a series of moraines in southwest Michigan.
Three systems of moraines occur in Allegan County, Michigan trending northeast
southwest From eastern Allegan County to Lake Michigan, they are the Kalamazoo, the
Valparaiso, and the Lake Border moraines (Figure 3). The Kalamazoo morainic system
was deposited simultaneously by the Lake Michigan and Saginaw lobes (Monaghan et
al., 1986) (Figure 4). The Kalamazoo moraine of the Saginaw lobe lies in Barry and Cal
houn Counties, trending northwest-southeast. The northwest end touches the northeast
end of the Kalamazoo moraine of the Lake Michigan lobe. The formation of the Valpa
raiso and the Lake Border moraines developed through the recession of the Lake Michi
gan lobe (Leverett and Taylor, 1915) (Figure 3). The surface diamicton of all three mo-
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raines is the Saugatuck till, based on similar 7/lOA ratios in the clay fractions (Mona
ghan, 1984; Monaghan et al., 1986).
Kalamazoo Moraine System
There are two ridges of the Kalamazoo morainic system of the Lake Michigan
lobe (Figure 3), which are known as the inner (west) and outer (east) Kalamazoo mo
raines. They lie parallel to each other. The highest elevation of the Kalamazoo morainic
system is 320 m above sea level. Each moraine averages 1.3 km in width; the combined
width is 8.1 to 11.3 km. The moraine extends from Prairieville to South Bend, Indiana,
extending about 8.1 km north of the city of Kalamazoo and passing through the southeast
corner of Van Buren County and through Cass County. The western edge of the inner
ridge lies in the southeast corner of Allegan County.
In both ridges of the Kalamazoo system the drift material has various grades of
coarseness (Leverett and Taylor, 1915). At the surface, there is either a loose stony clay
or a sandy drift with boulders with a thickness of about a meter. Under this is ·sand arid
gravel for less than 3 m. Brown or blue clayey diamicton underlies the sand and gravel
(Leverett and Taylor, 1915).
Valparaiso Moraine System
The Valparaiso morainic system extends from around the southern end of Lake
Michigan through northern Indiana (Figure 5) and northward through Allegan County,
Michigan and further northward. It ranges from 8.1 to 32.2 km in width and the thick
ness of the drift averages about 61 m along the extent of the moraine in Indiana and
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Michigan. In Indiana and Illinois, there are three to seven distinct ridges of the Valparaiso morainic system (Leverett and Taylor, 1915; Zumberge, 1970). East of the St. Jo
seph River, it forms two prominent moraines where the outer ridge dies out. The Valpa
raiso morainic system constitutes the high divide at the southern end of Lake Michigan,
which separates the St. Lawrence from the Mississippi. drainage (Leverett and Taylor,
1915). Its inner border is only 8.1 to 24.2 km from the shore of the lake.
From Allegan County northward, lines of glacial drainage cross the morainic
ridges. There is a sequence of deformed lacustrine sediments deposited in proglacial
lakes between the Lake Michigan lobe ice margin and the higher ground of the Kalama
zoo moraine to the east (Kehew et al., in review). There are also small drumlin fields in
Van Buren and Allegan Counties. Leverett and Taylor (1915) speculate that there may
be pre-Wisconsinan drift in the moraine as well. They also note the moraines more
abundant in sand and gravel, than till, in southwest Michigan and northwest Indiana cor
respond to the belt of dunes along the shore of Lake Michigan and suggest that the sand
in the moraines is due to the lake dunes blowing in during an interglacial interval.
Lake Border Moraine System
The Lake Border moraines closely conform to the southern end of Lake Michigan
(Figure 3 & 5). From Holland northward, they are 24.2 to 40.3 km from the shore. The
composition of the Lake Border moraine is largely loose textured sandy or gravely drift
(Leverett and Taylor, 1915). At locations on the Lake Michigan border, the drift extends
below lake level (Leverett and Taylor, 1915). Pre-Wisconsinan material may exist in the
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Lake Border moraines. Well records indicate a peat layer at a depth of about 22.9 to 30.5
m below lake level that may identify the separation between Wisconsinan and pre
Wisconsinan drift (Leverett and Taylor, 1915).

METHODS
Field Sampling
I collected samples from bluffs along the eastern shoreline of Lake Michigan in
Allegan County, Michigan. Before acquiring the sample, the weathered surface of the till
outcrop was removed in order to obtain an unaltered sample. A rock hammer was used to
collect each sample and samples were placed in airtight plastic bags. Each sample loca
tion on the bluff is noted in Plate 1. Sample collection was controlled by till exposure
and accessibility of the outcrop on the bluff. Most of the tills collected were gray and
very consolidated.
Textural Analysis
I followed the procedure in Flint (1999) for textural analysis and slide preparation
of the clays, with minor modifications from Lovan (1977). Each sample of at least 400
grams were dried in a 90° F oven for at least 8 hours. Before drying the samples, they
were broken into smaller pieces to make post-drying crushing with a mortar and pestle
easier. After removal from the oven, samples were weighed to establish a baseline
weight, crushed, and transferred to a #230 sieve (62.5 µm opening) fitted with a pan. The
silt and clay-sized fractions were separated from the sand and gravel using a de-ionized
water wash and agitation. The coarse material remaining in the sieve and the fine mate
rial passed through the sieve were dried again at 90° F for at least 8 hours and weighed.
23
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The material retained by the #230 sieve was passed through a set of sieves (#4,
#10, #20, #40, #80, #100, and #230) mechanically to remove the gravel fraction and to
grade the sand fraction. The material retained on each sieve was weighed and used in a
percent calculation to the total weight of the sample. The silt and clay that passed
through the #230 sieve mechanically was combined with the fine material that had also
passed through the #230 in the wet-sieving process and placed in a beaker containing
about 700 ml of 0.5% sodium hexa-metaphosphate solution at a height of 10 cm. This
solution keeps the silt and clay particles from flocculating.
Using an ultrasonic probe, the silt and clay slurry was mixed for about 9 minutes.
Silt-sized particles settle to the bottom from a height of 10 cm at room temperature after 2
hours (based on Stokes Law). The silt fraction is then dried and weighed. The super
natant of suspended clay-sized particles is poured into another beaker and is re-suspended
using an ultrasonic probe and additional 0.5% hexa-metaphosphate solution filled to a
height of 10 cm. After 8 hours, particles greater than 2 µm will have settled out of sus
pension (Mitchell, 1993). Without separating the> 2 µm fraction from the< 2 µm frac
tion, a pipettor was used to carefully remove the upper portion of suspension to make
slides for X-ray diffraction. The volume removed to make the slides was minor (~5-10
mL) and insignificant to the percent calculation. Both the> 2 µm and the< 2 µm clay
fractions are dried and weighed together.
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X-ray Diffraction
X-ray diffraction is a method in which an X-ray beam of known wavelength (for
copper source, CuKa= l .54 A) is directed at a crystal. In this case the beam is diffracted
off basal planes of atoms in the clay (Figure 7). By recording the constructive interfer
ence of diffracted beams, the d-spacing between the atomic planes of the clay can be de
termined according to the Bragg equation:

nA = 2dsin0,

(1)

where 11, is wavelength, n is any whole number, which refers to the order of reflection (i.e.
n= l , first order reflection), d is the spacing between atomic planes in crystalline materials
in units of Angstrom (A), and 0 is the Bragg angle, also the angle of the incident beam
(which also equals the angle of the reflected beam otherwise known as the angle at which
constructive interference will occur (Moore and Reynolds, 1989)). The combination of
the two angles results in 2sin0.
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Figure 7. Geometrical Conditions for X-ray Diffraction. (from Mitchell, 1993)

Because the clays are in powder form rather than a single crystal, the platy clay
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particles must be oriented parallel to the slide for maximum intensity (Moore and Rey
nolds, 1989; Mitchell, 1993). This was accomplished by obtaining the clay-sized mate
rial (<2 µm) from the suspension prepared in the separation method explained earlier for
separating silts and clays. Several milliliters of clay were pipetted onto each slide and
left to dry at room temperature. As the liquid on the slide evaporates to the atmosphere,
the platy clay particles settle and align themselves parallel to the glass slide.
In the diffractometer, the glass slide is lined up on an axis of rotation of the go
niometer. As the goniometer pivots on the axis, 20 increases (Figure 7). Each of the clay
slides was exposed to nickel filtered copper radiation three times on a Rigaku® X-ray dif
fractometer. First the clays were air dried and analyzed using the XRD. Then, clays
slides were solvated using ethylene glycol to detect the presence of smectites, or swelling
clays. The slides were exposed to the vapor of the reagent overnight at room temperature
in an enclosed vessel, then analyzed on the XRD a second time. After removal from the
ethylene glycol environment, the slides must be analyzed within 1 hour before the ethyl
ene glycol evaporates (Moore and Reynolds, 1989). The third XRD analysis was per
formed to identify chlorite in the clays. Vermiculite and chlorite have a diffraction peak
at 14A (dhkF00I). To distinguish chlorite from vermiculite, the clay slides are placed in
a furnace at 3 l 5 ° C for an hour (Flint, 1999) in order to collapse the vermiculite structure
to 10A (dhkF00 1). At 3 l 5 ° C chlorite will retain the 14A (dhkF00 1) diffraction peak, and
the intensity of the 001 reflection increases greatly (Mitchell, 1993), where heating
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causes dehydroxylation of the hydroxide sheet with changes in the diffraction pattern
(Moore and Reynolds, 1989).
The settings for the X-ray diffractometer are listed in Table 1. All samples were
run from a 20 of 2° -35 ° . Diffractogram readings were produced in digital graph form in
counts per second (CPS)versus degrees 20 on Rigaku® software. For intense peaks the
20 values were converted to d-spacing (A)using the Bragg equation. The heights of 7A
and 1OA peaks were measured to the nearest 0.5 mm from a baseline. A baseline was
extrapolated through the background response and the heights were determined from this
point to the peak (Figure 8). A ratio of the 7A and 1OA peaks was then calculated.
Table 1
X-ray Diffraction Settings
Volts
Amps
Receiving slit
Soller slit
Anti-scatter slit
Goniometer speed
Proportional kV
Range
Time constant

30kV
20mA
10
0.30
0.8°
2° 20 per minute
1 .5
lK
1 second

Pebble Count
The greater than 2-millimeter fraction of the samples was sieved and the clasts
were divided into three groups: carbonate, elastic, and crystalline, visually with a hand
lens at 1OX magnification, a binocular scope at 1OX magnification, and HCI. For each
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sample, the clasts in their individual groups were counted. Then the group count is divided by the total number of clasts 2-80 mm in the sample to obtain a group percent for
the sample. The crystalline fraction includes igneous and metamorphic clasts.
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RESULTS
Textural Analysis and X-rayDiffraction of Lake Michigan BluffDiamictons
Sampling locations, labeled with 7/10A peak-height ratios, are shown on Plate 1.
The diamictons from the bluff were separated into two significantly different groups
based on stratigraphic position and peak-height ratios. The diamictons could not be dif
ferentiated from textural analysis. The mean values of the peak-height ratios of the two
groups are 0.320 and 0.643. The group with a mean 7/10 A peak-height ratio of 0.320
lies in the upper section of the bluff, while the group with a mean of 0.643 lies in the
lower section of the bluff. Figure 9 shows a histogram of the peak-height ratio data for
the two groups. These two diamicton units are comparable to the upper two till units that
Monaghan et al. (1986) define in their study, the Saugatuck and the Ganges tills, based on
lithologic descriptions and stratigraphic positions. A pebble count of the crystalline frac
tion greater than 2 millimeters was also used to differentiate two diamicton groups. t
Test comparisons of mean 7/10A peak-height ratios and mean crystalline percentages in
dicate the two groups are significantly different populations for the diamictons on the
bluff (Tables 2 & 3).
Description ofDiamictons
Most diamicton samples collected in the field area were observed to be silty, gray,
and consolidated. The normalized sand, silt, and clay grain size percentage from the
30
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sieving processes are listed in Appendix A and displayed in a ternary diagram in Figure
10. The gravel portions were not significant for most of the samples and were excluded
from the ternary diagram, but values are listed in Appendix A. The diamictons from the
bluff fall into a common region of 42% sand, 33% silt, and 25% clay. The average grain
size distributions of the separate diamictons groups are indistinguishable from each other
based on t-Tests. The means are 44% sand, 33% silt, and 29% clay for the upper unit and
41% sand, 36% silt, and 23% clay for the lower unit.
The textural analysis of Monaghan et al. (1986) for the Saugatuck till (upper) re
sulted in values of 36% sand, 42% silt, and 22% clay. For the Ganges till, their results
were 59% sand, 22% silt, and 19% clay.
X-rny Diffraction Analysis
Several examples of the X-ray diffraction results are displayed in Figure 11.
Commonly occuring clays with intense 7A and 10A peaks are kaolinite and illite, respec
tively. The 14A peak is likely due to the presence of chlorite or vermiculite. Figure 12
shows the response of the clay XRD patterns after air-drying, heating at 315° C, and ex
posure to ethylene glycol.
Heating the clays at 3 l 5° C to distinguish chlorite from vermiculite demonstrated
that most diamictons contained primarily chlorite, because the 14A peak remained after
heating. Of the 34 samples collected from the bluff, only 107B and 107D did not have a
14A peak after heating which may have been due to the alteration state of these samples.
These two particular diamictons were collected in the upper portion of the bluff just be
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Figure 10. Ternary Diagram of Lake Michigan Bluff Samples. The white symbols
represent the lower unit and the black symbols represent the upper unit on the
bluff. The average grain size distribution is 42% sand, 33% silt, and 25%
clay.
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low the soil horizon and may have been subjected to weathering, which removed the
chlorite or resulted in its alteration to magnesium (Mg)-montmorillonite, also known as
vermiculite. 107D had a 14A peak prior to heating which disappeared with the heat
treatment, indicating the presence of vermiculite. Additionally, the ethylene glycol
treatment also indicated the presence of smectites in 107D. Air-dried 107B did not have
an 14A peak, thus it does not contain chlorite or vermiculite, and an ethylene glycol test
found no trace of smectite in 107B.
Other ethylene glycol tests showed the percentage of expandables ranged from 02% in the rest of the bluff samples. This trace amount of smectite is indicated by the left
limb of the l0A peak shifting to the right after the ethylene glycol treatment (Figure 12).
The 7/10A ratios for the diamictons from the bluff are listed in Appendix B with their
interpreted diamicton unit.
Textural Analysis and X-ray Diffraction oflnland Diamictons
There are five locations from which the inland samples were taken. They are
Moline, Otsego, Decatur, Mentha, and Bloomingdale (Figure 13). The samples at the
Moline site were collected by hollow-stem auger. The rest of the inland samples were
collected by means of Rotasonic® drilling. All but two of the 7/l0A ratios for the inland
diamictons were similar and were grouped with ratios ranging from 0.5 to 1.09 with a
mean of 0.786 (Figure 14). The Bloomingdale surface diamicton was interpreted to be
altered and weathered and was excluded because of a lower 7/10A peak-height ratio and
lower mean crystalline percentage in the pebble count than the inland diamicton group.
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The upper Moline diamicton is stratigraphically younger than the Ganges till and is therefore not included with the other inland diamictons. The 7/1OA ratios for the inland
diamictons were compared to the ratios of the Ganges till on the bluff. Also, the mean
crystalline percentages for the inland diamictons were compared to that of the Ganges till
on the bluff. Applications of the t-Test at the 95 percent confidence interval indicate the
means of these two groups for both tests are similar. The inland diamictons could not be
correlated or differentiated from each other based on t-Tests of textural analysis.
Description of Diamictons
Most of the inland diamictons were sandy, gray, and consolidated, except for the
surface diamicton taken from the Bloomingdale site, which was reddish-brown. The
normalized grain size distributions for the inland diamictons are listed in Appendix C and
displayed in Figure 15. The mean for all inland diamictons is 55% sand, 37% silt, and
7.5% clay. The Decatur, Mentha, and Otsego diamictons were collected at various
depths below the surface. The two Decatur diamictons came from about 86 feet and 115
feet below the surface. The two Mentha diamictons were collected from the 75 to 85 foot
interval and from the 85 to 95 foot interval. The two Otsego diamictons were collected
from the 46 to 53 foot interval. The two Bloomingdale diamictons were collected at the
surface and at a depth of 12 feet. The three Moline diamictons were collected between
11 and 12.5 feet, between 18 and 19.5 feet, and between 29.5 and 31.5 feet below the sur
face. The Moline diamicton between 11 and 12.5 feet overlies wood with a radiocarbon
age of 12.6 kya BP.
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Figure 15. Ternary Diagram oflnland Diamictons. See Figure 12 for sample locations of
southwest Michigan diamictons. The average grain size distribution is 55%
sand, 37% silt, and 7.5% clay.
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X-ray Diffraction Analysis
The inland diamictons contain kaolinite, illite, and chlorite, except for one sample
that does not appear to have chlorite. This particular sample, from the Bloomingdale site,
was collected at the surface and presumably has been severely altered through weather
ing. An initial 14A peak was observed in all samples when air-dried, however this peak
did not remain after heating to 3 l 5 ° C. Ethlyene glycol treatment suggests that smectites
are not present here, or are at concentrations below detection limits. The surface diamic
ton sample from Bloomingdale was not included in the till comparison. Zero smectites
were detected in the other inland diamictons.
The t-Test

The t-Test used to compare the means of two populations, and determine if they
are distinct populations. This test assumes the means �re equal. When the calculated test
statistic, t, is greater than t(a/2, di), the means of the two sample populations are signifi
cantly different. The t-Test performed in this study assumes unequal variances. A more
detailed explanation of the t-Test is given in Appendix D together with the statistical
equations used.
A summary of the t-Test results for the 7/1 OA peak-height ratios of samples taken
at the Lake Michigan bluff is shown in Table 2. The peak-height ratios of clays from the
Ganges and the Saugatuck tills are significantly different at the 95% confidence interval.
The Ganges till from the bluff and the diamicton samples from the inland sites (with the
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exception ofBLD 1) are found to be similar populations at the 95% confidence interval.
Therefore, the inland diamictons may be correlated to the Ganges till.
Table 2
t-Test Comparison of 7/I0A Ratios Between Diamicton Units
Degrees of
Freedom

t(a/2, df)*

Test
Statistic, t

Different
Populations?

Saugatuck till (bluff)
Vs.
Ganges till (bluff)

16.84

2.11

4.25

yes

Ganges till (bluff)
Vs.
Inland diamictons

19.95

2.09

-1.94

no

5.74

yes

Diamicton
Units

Saugatuck till (bluff)
Vs.
14.79
2.13
Inland diamictons
*significant at the 95% confidence interval, a=0.05.
Pebble Counts

For the pebble counts, the 2 to 80-millimeter fraction was separated into three
groups: carbonate, elastic, and crystalline elasts. Pebble count data are listed in Appendix
E. t-:Tests indicate that for the crystalline 2-80 mm fraction of diamicton units on the
bluff, there are two significantly different populations (Table 3). t-Test comparisons be
tween the mean elastic and the carbonate percentages did not show the means to be sig
nificantly different (Table 3 & Appendix E) which may be a result of greater variance
between the data.
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At-Test comparison of mean crystalline percentages proved to be a diagnostic
tool for distinguishing the Saugatuck till from the Ganges till on the bluffs. Therefore, t
Tests were conducted between the mean crystalline percentages of the Ganges till and the
Saugatuck till from the bluffs and of the diamicton samples collected inland (Table 3).
Table 3
Pebble Count t-Test Results
Diamicton
Units

Degrees of
Freedom

t(a/2, df)*

Test
Statistic, t

Comparison of till units on bluff
Ganges-crystalline mean%
2.97
2.31
Vs.
7.5 1
Saugatuck-crystalline mean%

Different
Populations?

yes

Ganges-elastic mean%
6.61
Vs.
Saugatuck-elastic mean%

2.36

1.86

no

Ganges-carbonate mean%
Vs.
6.01
Saugatuck-carbonate mean%

2.45

1.66

no

Comparison of till units and inland diamictions
Ganges-crystalline mean% (bluff)
Vs.
15 .11
2.13
0.5 6
Inland diamictons-crystalline mean%
Saugatuck-crystalline mean%
8.76
Vs.
Inland diamictons-crystalline mean%

2.26

*significant at the 95% confidence interval, a=0.05 .

2.66

no

yes

DISCUSSION
Based on the X-ray diffraction data collected in this study, the two diamicton
groups exposed at the bluff are comparable to the upper two ti!J units defined by Mona
ghan et al. (1986), the Saugatuck and the Ganges tills. The third till described by Mona
ghan et al. (1986), the Glenn Shores till, is either at or below lake level, which may account for its lack of identification in this study.
This study suggests that the buried tills inland, east of the bluffs, correlate to the
Ganges till. The inland diamictons have 7/l0A peak-height ratios similar to the Ganges
till ratios on the bluff as well as similar crystalline percentages in the pebble counts. At
Test comparison indicates the means of these two groups, 0.643 and 0.786 for the mean
7/l0A ratios, and, 96.9 and 96.4 for the mean crystalline percentages, are similar at the
95% confidence interval. It should be noted that statistical analyses can be sensitive to a
low sample size in the sampling set; the smallest sampling size in the study is 8. Small
sample size may correspond to limited degrees of freedom and a possibility that the
means will be similar in the t-test.
This study also suggests that, in southwest Michigan, illite varies with distance
from the Lake Michigan basin. Glass (1981) makes the same observation of vertical and
lateral illite variability in the Great Lakes region. The data from this paper indicate a
general increase in the relative amount of 10A clay in successively younger tills. This
observation is in agreement with that of Hansel (1983) for the upper and lower Wad44
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Wadsworth tills in Illinois, and Monaghan and Larson (1994) for the Saugatuck and the
Ganges tills. Monaghan and Larson (1994) suggest the illite source variation comes from
the differential erosion of shale bedrock.
The lower Bloomingdale diamicton may not be included in the Ganges till group
because it has a notably lower 7/1OA peak-height ratio ·of 0.408. It falls within the high
end of the Saugatuck till range and the low end of the Ganges till range. However, just as
the inland tills associated with the Ganges till lie within the high end of the range, this
sample could be placed within the higher region of the Saugatuck till range. Yet the peb
ble count results suggest that it is associated with the Ganges till, with a crystalline frac
tion of 98.4 percent. The placement of this particular diamicton may be with the Ganges
till but the evidence is not as strong as it is with the other inland diamictons.
The upper Moline sample (11-12.5 feet) is stratigraphically younger than the time
of deposition of the Ganges and the Saugatuck till, because it overlies wood with a radio
carbon age of 12.6 kya BP. It was not included in the Ganges till group. It is also not
considered to be Saugatuck because of its high 7/1OA ratio and high crystalline fraction.
The data indicate that the Ganges till exists at depth in southwest Michigan, based
on samples from Decatur, Mentha, and Otsego. The lower Bloomingdale sample at 12
feet indicates the Ganges may occur at a shallow depth. This may show that buried, older
glacial deposits may be topographically higher in these areas. If this is the case, the
Ganges till appears where the Saugatuck till is non-existent or extremely thin. Additional
samples of diamicton from the upper bluff as well as additional diamicton samples from
inland sites at various depths are needed to improve this study.

CONCLUSIONS
Two diamicton units from the southern Allegan County lakeshore bluffs were
identified through clay mineralogy by 7/I0A peak-height ratios. The upper unit has a
mean 7/10A ratio of 0.284 and the lower diamicton unit has a mean 7/1 0A ratio of 0.656.
An application of the t-Test indicates the means of these two groups are significantly dif
ferent. These diamicton units are associated with the Saugatuck and the Ganges tills of
southwest Michigan.
Identification through the crystalline fraction of pebble count results confirms that
there are two diamicton units on the bluffs. The upper diamicton unit (the Saugatuck till)
has a mean crystalline fraction of 90.2% and the lower diamicton unit (the Ganges till)
has a mean crystalline fraction of 96.9%. A t-Test comparison of the means shows them
to be significantly different populations at the 95% confidence interval.
Additional diamicton samples were collected throughout southwest Michigan in
Moline, Otsego, Bloomingdale, Mentha, and Decatur at various depths. The mean 7/10A
ratio for these inland samples was 0.795. Results of the t-Test indicate that this group is
similar to the Ganges till identified on the bluff, and therefore they may be correlated
with the Ganges till. The Bloomingdale diamictons were not included in this group be
cause, 1) one sample was determined to be altered and weathered, and 2) the other sam
ple had an extremely low 7/1 0A ratio, but high crystalline fraction, which does not allow
correlation with either the Saugatuck or Ganges till.
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A general comparison of bluff ratios to inland ratios suggests that the relative
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amount of 1OA clay increases westward towards the Lake Michigan basin in southwest
Michigan. There is also a vertical variation in illite content. The relative concentration
of 1OA clay to 7A clay increases in successively younger diamictons. Shale bedrock is
the source for the I OA clay. An increase in erosion results in an increase in illite.
The Ganges till exists at depth in southwest Michigan (18-115 ft). However the
Ganges till occurs at a shallower depth at one location near Bloomingdale (12 ft).

Appendix A
Textural Analysis for Lake Michigan Bluff Diamictons
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TexturalAnalysis for Lake MichiganBluff Samples
Sample

Gravel

Sand

Silt

Clay

FA1
FA6
FA8
FA9
FAlO
FA11
FA12
FA13
FA14
FA15
FA16
FA17

2.6
11.8
5.2
3.6
3.6
4.5
4.3
1.1
6.9
2.7
4.4
8.9

26.8
44.1
36.8
43.9
31.7
24.5
28.6
33.2
57.1
37.0
49.9
43.1

42.29
35.79
45.04
43.97
39.79
7.59
16.43
41.58
25.63
31.38
31.42
32.34

25.89
6.34
12.64
8.12
24.14
62.63
49.35
21.77
18.95
4.15
8.29
9.17

97.58
98.03
99.68
99.59
99.23
99.22
98.68
97.65
108.58
75.23
94.01
93.51

PINA
PINB
CP1

7.3
1.3
1.7

36.8
42.2
32.5

29.65
38.76
47.60

25.18
10.03
15.68

98.93
92.29
97.48

109A
109B

0.0
0.0

13.9
15.8

68.08
6.47

10.70
72.97

92.68
95.24

114
114B

22.2
28.6

28.0
27.5

11.96
21.01

39.67
21.96

101.83
99.07

107A
107B
107 C
107 D
107 E

0.7
1.3
3.6
0.6
3.5

37.5
54.4
31.2
42.5
31.28

31.44
32.48
21.44
24.65
27.68

13.95
10.63
41.66
31.20
31.28

83.69
98.81
97.90
98.95
98.06

Lake Michigan bluff sampling locations are illustrated in Plate1.

% recovered

Appendix B
X-ray Diffraction Results
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X-ray Diffraction Results for Lake Michigan Bluff Diamictons
Sample

7 A/10 A

Till Unit

FA1
FA2
FA3
FA4
FA5
FA6
FA7
FA8.
FA9
FAlO
FA11
FA12
FA13
FA14
FA15
FA16
FA17
FA18
FA19
FA20

0.286
0.424
0.605
0.651
0.575
0.664
0.466
0.278
0.490
0.547
0.585
0.414
0.642
0.564
0.955
1.156
0.646
0.515
0.292
0.710

Ganges
Ganges
Ganges
Ganges
Ganges
Ganges
Ganges
Ganges
Ganges
Ganges
Ganges
Ganges
Ganges
Saugatuck
Ganges
Ganges
Ganges
Ganges
Saugatuck
Ganges

PINA
PINB
CP 1

0.956
0.944
0.829

Ganges
Ganges
Ganges

MP 1
109A
109 B
109 C

1.205
0.683
0.850
0.688

lacustrine clay
lacustrine clay
lacustrine clay
lacustrine clay

114
114 B

0.319
0.809

Saugatuck
Ganges

0.303
107A
Saugatuck
0.114
107 B
Saugatuck
0.554
107 C
Saugatuck
0.280
107 D
Saugatuck
0.131
107 E
Saugatuck
Lake Michigan bluff sampling locations are illustrated in Plate 1.
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X- ray Diffraction Results for Southwest Michigan (Inland) Diamictons
Sample

Depth

7 A110 A

Till Unit

BLD1
BLD2

surface
12 ft

0.211
0.408

Ganges?

Ml
M2
M3

11-12.5 ft
18-19.5 ft
29.5-31.5 ft

0.720
0.660
0.500

Ganges
Ganges

OTS1
OTS2

46-53 A
46-53 B

1.091
0.688

Ganges
Ganges

0.854
0.847

Ganges
Ganges

MEN l
MEN2

bottom of75-85' core
top of75-85' core

Ganges
0.816
DEC 1
86 ft
Ganges
0.901
DEC(GM) 115 ft
Sampling locations for Southwest Michigan (Inland) diamictons are shown in Figure13.

Appendix C
Textural Analysis for Southwest Michigan (Inland) Diamictons
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Textural Analysis for Southwest MichiganDiamictons
Gravel

Sand

Silt

Clay

% recovered

0.0
24.50

36.81
21.91

36.81
21.91

7.62
7.75

99.03
99.36

6.65
1.96
0.58

39.77
42.78
48.83

39.77
42.78
48.83

7.31
9.87
10.23

99.13
98.51
98.54

OTS1
OTS2

7.87
13.49

52.73
53.71

31.44
27.24

7.39
4.93

99.43
99.37

MENl
MEN2

17.41
1.57

61.75
28.53

16.42
60.75

4.03
8.48

99.61
99.33

1.92
2.67

64.50
62.96

28.01
27.12

4.54
6.80

98.97
99.55

Sample
BLD1
BLD2
Ml
M2
M3

DEC1
DEC(GM)

Sampling locations for Southwest Michigan (Inland) diamictons are shown in Figure13.

AppendixD
The t-Test
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The t-Test
The t-Test is a hypothesis test that assumes the variances of both ranges of data
are unequal; it is referred to as a heteroscedastic t-Test. The t-Test is used to determine
whether two sample means are equal. The null hypothesis assumes that the means of the
two populations are equal. The alternate hypothesis assumes that the two means are not
equal and the populations are significantly different. The t-Tests were performed at the
95% confidence interval, a=0.05, and assuming unequal variances, that is comparing two
averages where the populations are not presumed to have the same variance. The equa
tions for degrees of freedom (df) and the test statistic (t) from Jensen (1997) are as follows,
where XA and X8 = means of population A and B,
SA2 and s82 = variances of populations A and B,
IA and 18 = number in populations A and B,
Equations from Jensen (1997).

(2)

(3)
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When the test statistic, or t, is greater than t(a./2, d./), the null hypothesis is rejected and
the alternate hypothesis is accepted. When the test statistic is equal to or less than t(a./2,
d./), the null hypothesis is accepted and the means of the populations are similar. t(a./2,
d./) values are found in tables in statistics texts at various confidence intervals. Results of
the t-Test, comparing the 7/1 OA ratios of the diamicton units from the bluff (the Sauga
tuck and the Ganges tills) with each other and with the inland diamicton unit, are listed in
Table 2. In summary, the Saugatuck and the Ganges tills from the bluff have signifi
cantly different means while the Ganges till from the bluff and the inland diamictons
have similar means. In acceptance of the latter comparison, the Ganges till and the inland
diamicton may be associated with one another.
t-Tests conducted on the crystalline fraction of the pebble count results are similar
to that of the 7/lOA ratios. They also indicate that the Saugatuck and the Ganges till
from the bluff are different populations and the Ganges till from the bluff and the inland
diamicton unit are similar populations.

APPENDIXE
Pebble Count Results
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Pebble Count Results
Sample

carbonate%

elastic%

crystalline%*

n

Ganges till
1
1.8
97.2
285
FA 1
1.2
98.9
589
FA 6
FA 9
0.2
1.75
98
456
FA 10
0.7
2.6
96.7
151
FA 11
3
97
234
96.7
270
0.7
2.6
FA 12
FA 13
0.5
2.3
97.2
218
FA 14
0.3
0.9
98.9
351
FA 15
3
97
239
FA 16
6.5
93.4
170
FA 17
0.7
1.3
98
457
PIN A
0.4
5.6
94
233
PIN B
0.7
2.2
97
271
_114.B ·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·1·-·-·-·-·-·-·-·-·2.7·-·-·-·-·-·-·-·-·-·-·- 96.3 ·-·-·-·-·-·-·-·-·-·-·-·-·-37 5·-·-·-·-·-·-·-·-·-·
mean_·-·-·-·-·-·-·-·-·-·-·-·-·-·-· 0.6 ---·-·-·-·-·-·-·2.7 ______________________ 96.9 ·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·
FA 19
FA 8
114

0.6
1
0.7

Saugatuck til)

5.3
4.5
4

93.9
95.4
95.2

299
596
420

2.3
80
107 A
215
17.7
107 B
15.9
84.1
107
107 C
0.5
2
97.5
201
107 D
2.4
10
87.6
170
12
88
07
_1 _E ·-·-·-·-·-·-·-·-·-·-·-·-·-· ·-·-·-·-·-·-·-·-·-·--·-·-·-·-·-·-·-·-·-·-·-·- -·-·-·-·-·-·-·-·-·-·-·-·-·-·-266___________________
mean_·-·-·-·-·-·-·-·-·-·-·-·-·-·-· 5 ·-·-·-·-·-·-·-·-·-· 6.3·-·-·-·-·-·-·-·-·-·-·- 90.21 ·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·

60
Pebble Count Resutls-Continued
Sample

carbonate%

elastic%

crystalline%*

n

Inland diamictons
0.2
1
98.4
862
BLD 2
4
96
201
M2
7.1
92.9
14
M3
2.6
97.4
390
OTS 1
OTS 2
0.4
2.1
97.4
468
802
MEN 1
0.4
3.6
96
MEN 2
0.5
99.5
209
0.4
1.9
97.6
258
DEC 1
DEC(_GMJ ,,___________________ -- ·-·-·-·-·-·-·-·-· 7.5·-·-·-·-·-·-·-·-·-·-·- 92.5 ·-·-·-·-·-·-·-·-·-·-·-·-·-201 ·-·-·-·-·-·-·-·-·-·
mean ______________________________ 0.4 ________________ 3.4______________________ 96.4 ·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·
BLD 1**
M 1***

0.7

32.4
3.5

66.9
96.5

142
255

*clasts are 2 mm and greater. Crystalline% includes igneous and metamorphic clasts.
**BLD 1 was excluded from the inland diamicton group due to notable crystalline% dif
ference and was determined to be altered through weathering from the diffractogram. It
was also ex�luded for a low 7/1OA peak-height ratio (see Appendix B).
***M 1 was excluded from the inland diamicton group because it is stratigraphically
younger than 12.6 kya BP, which is much younger than the Ganges till.
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